The Bruch\'s membrane (BrM) plays an important role in vision by supporting both RPE cell survival and function.^[@i1552-5783-59-7-2792-b01]^ For instance, BrM provides the necessary structural support to the overlying RPE layer and acts as a conduit for the diffusion of biomolecules to and from RPE cells.^[@i1552-5783-59-7-2792-b01]^ Furthermore, BrM is the primary site of disease pathology in AMD.^[@i1552-5783-59-7-2792-b02],[@i1552-5783-59-7-2792-b03]^ In fact, the structural integrity of BrM is affected before the manifestation of overt clinical symptoms in AMD. The incorporation of a BrM-like structure in the in vitro cell model(s) and in vivo RPE implant(s) would thus offer a more thorough and tractable approach for disease modeling and transplantation efforts focused on AMD. For example, a biocompatible scaffold used as a surrogate to BrM could serve as an ideal cell carrier during implantation, and act as a template to guide reconstruction of the subretinal architecture in situ during late-stage AMD, when vision is deteriorating and significant ultrastructural damage is likely.

A BrM substitute should ideally mimic the physical and biochemical properties of this structure; however, it also may be designed simply as a template to support RPE cell implantation and subsequent tissue regeneration. In either case, the material used should be thin (3--5 μm), strong enough to support handling during cell culture and implantation, sufficiently permeable to allow movement of growth factors and waste products, and biologically inert. Although numerous studies have evaluated potential biomaterial scaffolds (extensively tabulated by Jha and Bharti^[@i1552-5783-59-7-2792-b04]^), few have addressed the specific requirements of a BrM surrogate. One of these biomaterials, a permeable polyester substrate (Clinical Trial \#NCT01691261) has been transplanted into a human patient; however, the trial is currently suspended. Another clinical trial (Clinical Trial \#NCT02590692), using a synthetic parylene scaffold, is currently under way.^[@i1552-5783-59-7-2792-b05]^

In the absence of a clear material of choice for constructing a synthetic BrM or template, our group has focused its attention on assessing the potential of the silk structural protein fibroin and especially that isolated from cocoons of the domesticated silkworm *Bombyx mori*.^[@i1552-5783-59-7-2792-b06][@i1552-5783-59-7-2792-b07][@i1552-5783-59-7-2792-b08][@i1552-5783-59-7-2792-b09]--[@i1552-5783-59-7-2792-b10]^ There are several properties of *Bombyx mori* silk fibroin (BMSF) that make it a viable candidate for study. Isolated fibroin protein, when dissolved in an aqueous solution and cast as a film and dried, results in a transparent membrane that is strong, flexible, and customizable for required thickness (3 μm),^[@i1552-5783-59-7-2792-b08]^ permeability, and ECM inclusions.^[@i1552-5783-59-7-2792-b07]^ Although a similar thickness to the native BrM, BMSF-derived membranes have been shown to demonstrate increased permeability to dextran compared with native aged BrM.^[@i1552-5783-59-7-2792-b07]^ Importantly, BMSF membranes, as used in this study, have a similar modulus of elasticity to that of BrM-choroid isolations.^[@i1552-5783-59-7-2792-b08],[@i1552-5783-59-7-2792-b11]^ Furthermore, as a protein, BMSF is less likely to yield toxic degradation products in vivo and is readily amenable to surface modifications aimed at optimization of cell attachment and growth.^[@i1552-5783-59-7-2792-b08],[@i1552-5783-59-7-2792-b09]^ Moreover, BMSF can be readily isolated and fashioned into a variety of different structures, including membranes and sponges, using relatively inexpensive techniques and without need for toxic chemicals.^[@i1552-5783-59-7-2792-b10]^ For example, aqueous solutions of hydrolyzed BMSF form transparent membranes of varying thickness according to the volume of solution applied.

The biocompatibility and tensile strength of fibroin silk has in fact led to its use in diverse applications such as investigation of its utility in vascular grafts^[@i1552-5783-59-7-2792-b12]^ and as a component of anterior cruciate ligament surrogates (SeriACL), currently in a clinical trial (NCT00490594). The biocompatibility of BMSF within the ocular tissue has also been investigated and is supported by the absence of an inflammatory response or neovascularization when implanted into the corneal stroma of rabbits for a period of up to 6 months^[@i1552-5783-59-7-2792-b13],[@i1552-5783-59-7-2792-b14]^ and in the subretinal space in the Royal College of Surgeons (RCS) rat model of retinitis pigmentosa for 10 months.^[@i1552-5783-59-7-2792-b15]^ With regard to the suitability of BMSF scaffold to support RPE growth, we previously demonstrated the growth of RPE cells isolated from cadaveric tissue, as well as the ARPE-19 cell line on BMSF membranes measuring between 3 and 5 μm in thickness.^[@i1552-5783-59-7-2792-b06][@i1552-5783-59-7-2792-b07]--[@i1552-5783-59-7-2792-b08]^ Significantly, these BMSF membranes are similar in mechanical properties to BrM,^[@i1552-5783-59-7-2792-b01],[@i1552-5783-59-7-2792-b08]^ and support the diffusion of both pigment epithelium--derived growth factor (PEDF) and VEGF.^[@i1552-5783-59-7-2792-b06]^ Nevertheless, given the limitations associated with use of cadaveric RPE cells and the ARPE-19 cell line, a rigorous evaluation of BMSF membrane suitability is now required using a more clinically relevant model, such as RPE derived from human induced pluripotent stem cells (hiPSC-RPE). The aim of the present study, therefore, was to evaluate the function of hiPSC-RPE cells grown on BMSF membrane, a crucial hurdle in promoting this scaffold toward utility for in vitro modeling and the likelihood of its utility in personalized medicine.

Methods {#s2}
=======

Ethics {#s2a}
------

Collection of patient samples and subsequent experimental analyses were performed in accordance with Institutional Regulatory Board of the University of Rochester approval (RSRB00056538) and conformed to the requirements of the National Institutes of Health and Declaration of Helsinki.

Generation, Culture, and Maintenance of hiPSCs {#s2b}
----------------------------------------------

hiPSC lines from five distinct individuals were generated using a previously described protocol.^[@i1552-5783-59-7-2792-b16]^ All hiPSC lines were characterized for pluripotency before routine culture and differentiation. Pluripotency characterization of four lines has previously been published,^[@i1552-5783-59-7-2792-b17],[@i1552-5783-59-7-2792-b18]^ and characterization of the fifth hiPSC line is shown in [Supplementary Figure S1](#iovs-59-06-31_s02){ref-type="supplementary-material"}. hiPSC lines were maintained on either irradiated mouse embryonic fibroblasts or Matrigel (Corning, Corning, NY, USA) and were differentiated to RPE in accordance with our previously described protocol.^[@i1552-5783-59-7-2792-b19][@i1552-5783-59-7-2792-b20][@i1552-5783-59-7-2792-b21]--[@i1552-5783-59-7-2792-b22]^

Manufacture and Use of BMSF Membranes {#s2c}
-------------------------------------

The production of aqueous solutions of fibroin^[@i1552-5783-59-7-2792-b23]^ and the preparation of fibroin membranes^[@i1552-5783-59-7-2792-b07],[@i1552-5783-59-7-2792-b08]^ have been previously described in detail by our group. Here, fibroin was used as a coating on tissue culture plastic (TCP) and as a freestanding membrane (∼3 μm in thickness) suspended within custom-designed Teflon chambers.^[@i1552-5783-59-7-2792-b06][@i1552-5783-59-7-2792-b07]--[@i1552-5783-59-7-2792-b08]^ Fibroin membranes were used with and without a type I collagen (COL1) (Nitta Gelatin, Inc., Osaka, Japan) coating. Laminin- (LAM; Invitrogen, Carlsbad, CA, USA) coated TCP, or LAM-coated polyethylene terephthalate (PET) Transwell inserts (0.4 μm pore size, 10 μm in thickness) (Costar; Corning) were used as the control substrate in individual experiments. A schematic of the various configurations for hiPSC-RPE cell growth used in this study is shown in [Supplementary Figure S2](#iovs-59-06-31_s02){ref-type="supplementary-material"}.

Differentiation, Passaging, and Culturing RPE on BMSF Membrane {#s2d}
--------------------------------------------------------------

The procedure for inducing hiPSCs toward a retinal fate was performed as previously described.^[@i1552-5783-59-7-2792-b19],[@i1552-5783-59-7-2792-b21]^ Briefly, RPE arose as adherent colonies by day 40 (D40) of hiPSC differentiation. Patches of pure hiPSC-RPE monolayer were dissected from the pigmented (∼D60--D90) mixed differentiating culture, passaged with trypsin-EDTA (0.05%) (Thermo Fisher Scientific, Waltham, MA, USA) and plated in retinal differentiation medium (RDM) + 10% fetal bovine serum (FBS) on LAM-coated (4--24 hours) TCP. These cells were designated as passage 1 (P1). After 2 days, the growth media was changed to RDM + 2% FBS and once at confluence, the media was switched to RDM only. Mature monolayers of pure hiPSC-RPE culture at P1 were subsequently dissociated^[@i1552-5783-59-7-2792-b20]^ or plated as spherical aggregates^[@i1552-5783-59-7-2792-b24]^ (RPE spheres) on BMSF-TCP, COL1-BMSF-TCP and/or on LAM-TCP ([Supplementary Fig. S2](#iovs-59-06-31_s02){ref-type="supplementary-material"}) and grown to maturity (\>D60). In a subset of experiments, hiPSC-RPEs were cultured as polarized monolayers on fibroin membranes (with or without COL1 coating) suspended in specially designed Teflon chambers ([Supplementary Fig. S2](#iovs-59-06-31_s02){ref-type="supplementary-material"}).^[@i1552-5783-59-7-2792-b06][@i1552-5783-59-7-2792-b07]--[@i1552-5783-59-7-2792-b08]^ hiPSC-RPE cells grown on LAM-coated Transwell inserts (Costar) were used as controls in these experiments ([Supplementary Fig. S2](#iovs-59-06-31_s02){ref-type="supplementary-material"}). Cultures were allowed to mature for at least 90 days before use in experiments.

ECM Isolation {#s2e}
-------------

Cells were removed nonenzymatically and the ECM was harvested by incubation in ECM isolation buffer (10 mM Tris pH 6.8, 10% glycerol, and 1% SDS) containing protease inhibitor cocktail (Sigma-Aldrich Corp., St. Louis, MO, USA) at 37°C for 30 minutes, as previously described.^[@i1552-5783-59-7-2792-b17]^

Western Blotting {#s2f}
----------------

Total cell lysate and ECM were isolated and resolved by SDS-PAGE in 4% to 20% gels as previously described.^[@i1552-5783-59-7-2792-b17]^ Resolved gels were transferred to polyvinylidene difluoride membranes (Bio-Rad, Hercules, CA, USA) and probed with the following primary antibodies: ACTN (1:750; Santa Cruz Biotechnology, Dallas, TX, USA)**,** BEST1 (1:500; Millipore, Billerica, MA, USA), COL4 (1:1000; Abcam, Cambridge, MA, USA), CRALBP (1:10000),^[@i1552-5783-59-7-2792-b25]^ EZR (1:1000, Cell Signaling Technology, Danvers, MA, USA), LAM (1:1000; Abcam), OCLN (1:1000; Thermo Fisher Scientific), RPE65 (1:500; Millipore), RHO (1:500; Millipore), and TIMP3 (1:250; Abcam). Secondary antibodies were host-specific near-infrared (1:12,500) (LiCor, Lincoln, NE, USA) or horseradish peroxidase conjugated (1:10,000) (Jackson ImmunoResearch, West Grove, PA, USA) and signals were detected on the LiCor Odyssey or the Azure C500 (Azure Biosystems, Dublin, CA, USA) imaging systems. After image acquisition, Western blot data were analyzed quantitatively using LiCor Odyssey 3.0 and/or Image Studio Lite version 5.2 (LiCor) and Microsoft Excel (Redmond, WA, USA).

Immunocytochemistry {#s2g}
-------------------

Mature iPSC-RPE cultures on LAM-TCP or COL1-BMSF in 24 wells, Transwells, and custom-made chambers (described above) were fixed with cold 4% paraformaldehyde for 30 minutes. For whole-mount staining of RPE monolayers, cells were washed with 1X PBS, permeabilized, and blocked in 1X PBS containing 10% normal donkey serum (NDS) (ImmunoReagents, Raleigh, NC, USA) and 0.1% Triton X-100 for 1 hour at room temperature. Incubation in primary antibody was overnight at 4°C in 5% NDS and 0.05% Triton X-100 with the following antibodies: BEST1 (1:50), EZR (1:100), MITF (1:50; Santa Cruz Biotechnology), and ZO-1 (1:100; Invitrogen). For sectioning, paraffin-embedded samples were sectioned at 14 μm before immunofluorescent analyses, and antigen retrieval was conducted as previously described.^[@i1552-5783-59-7-2792-b17]^ Processing through primary antibody was the same as whole-mount staining with the following primary antibody concentrations: COL4 (1:100; Abcam), EFEMP1 (1:200; Abcam), TIMP3 (1:50; Abcam and GeneTex, Irvine, CA, USA), and LAM (1:200; Abcam). Host-specific Alexa-Fluor conjugated secondary antibodies were used at 1:500 and samples were coverslipped with Prolong Gold anti-fade reagent (Invitrogen). Immunocytochemical staining was analyzed and images were taken on an LSM 510 META confocal microscope with ZEN 2009 software (Zeiss, Thornwood, NY, USA) for image capture.

Quantitative Real-Time RT-PCR {#s2h}
-----------------------------

RNA was isolated using our previously published protocol^[@i1552-5783-59-7-2792-b17]^ and in accordance with the manufacturer\'s instructions. Total RNA was subjected to DNASE1 treatment before cDNA synthesis, which was performed in accordance with the manufacturer\'s recommendation. Quantitative PCR (qPCR) using gene-specific primers for RPE markers^[@i1552-5783-59-7-2792-b21]^ and basement membrane genes (listed in [Supplementary Table S1](#iovs-59-06-31_s01){ref-type="supplementary-material"}) used SYBR green master mix (Bio-Rad) and was performed in a CFX Bio-Rad thermocycler and analyzed using Bio-Rad CFX Manager V3.1 (Bio-Rad).

Gel Electrophoresis {#s2i}
-------------------

qPCR products were resolved on 1% agarose gels in 1X TAE buffer (Tris base, acetic acid, and EDTA; Invitrogen) with 0.025% ethidium bromide. DNA was visualized by UV lamp and imaged using the ChemiDoc XRS system (Bio-Rad) and Quantity One software (Bio-Rad).

Experimental Set-Up and Data Analyses {#s2j}
-------------------------------------

All experiments were performed at least in triplicate on parallel, age-matched (days in culture) hiPSC-RPE cells grown on BMSF versus COL1-BMSF versus LAM-TCP similar tissue culture support (24-well plate versus Transwells and custom-made chambers). Furthermore, data from hiPSC-RPE derived from at least three, but up to five distinct hiPSC lines was used in each individual assay. For quantitative analyses, data are expressed as mean ± SEM throughout the article. Significance was assessed using a two-tailed Student\'s *t*-test analysis with a cutoff of *P* \< 0.05. For simplicity, the terminology LAM-TCP is used to refer to both nonpermeable plastic support and PET Transwells throughout the article.

Results {#s3}
=======

Long-term Cultures of hiPSC-RPE Are Sustainable on ECM-Coated BMSF {#s3a}
------------------------------------------------------------------

Previous studies using hiPSC-RPE cultures have shown that ECM (LAM)-coated TCP can support hiPSC-RPE cultures for ≥D90.^[@i1552-5783-59-7-2792-b17],[@i1552-5783-59-7-2792-b20]^ Therefore, to compare the viability and maintenance of hiPSC-RPE monolayers on BMSF, we used LAM-coated TCP (LAM-TCP) as the reference standard. Of note, because the ECM substrate used on BMSF was type I collagen (COL1) coating, we confirmed the ability of COL1-coated TCP (COL1-TCP) to sustain long-term RPE cultures like LAM-TCP (data not shown). The seeding of dissociated hiPSC-RPE cells^[@i1552-5783-59-7-2792-b20]^ as well as RPE spheres^[@i1552-5783-59-7-2792-b24]^ on three different substrates, uncoated BMSF (BMSF), COL1-coated BMSF (COL1-BMSF), and LAM-TCP, in parallel experiments, demonstrated that hiPSC-RPE can adhere, spread, and consequently form a monolayer on BMSF, COL1-BMSF, and LAM-TCP in short-term (14 days) cultures ([Fig. 1](#i1552-5783-59-7-2792-f01){ref-type="fig"}A, [Supplementary Fig. S3A](#iovs-59-06-31_s02){ref-type="supplementary-material"}). Interestingly by D40 in culture, contraction of hiPSC-RPE plated on BMSF was observed ([Fig. 1](#i1552-5783-59-7-2792-f01){ref-type="fig"}A, [Supplementary Fig. S3A](#iovs-59-06-31_s02){ref-type="supplementary-material"}). In contrast, COL1 coating reduced the observed RPE contraction on BMSF membranes after cell plating and hiPSC-RPE monolayers on COL1-BMSF and LAM-TCP continued to show the RPE-characteristic morphology ([Fig. 1](#i1552-5783-59-7-2792-f01){ref-type="fig"}B, [Supplementary Fig. S3B](#iovs-59-06-31_s02){ref-type="supplementary-material"}). To dismiss cell line--specific properties for the contraction of hiPSC-RPE on BMSF alone and to further examine ability of COL1-BMSF to inhibit RPE contraction and promote RPE cell growth, hiPSC-RPE from additional hiPSC lines, derived from different subjects, were cultured for ≥60 days. Importantly, all five hiPSC-RPE lines demonstrated a similar, nearly indistinguishable within a line, morphologic presentation on COL1-BMSF and LAM-TCP in long-term cultures ([Fig. 1](#i1552-5783-59-7-2792-f01){ref-type="fig"}B, [Supplementary Fig. S3](#iovs-59-06-31_s02){ref-type="supplementary-material"}).

![Morphological characterization of hiPSC-RPE cultures on BMSF, COL1-BMSF, and LAM-TCP. (A) Light microscopy images of dissociated hiPSC-RPE grown on BMSF membrane alone (BMSF), type I collagen-coated BMSF membrane (COL1-BMSF), or laminin-coated tissue culture plastic (LAM-TCP) at D1, D14, and D40 demonstrated attachment and growth of hiPSC-RPE on all three substrates with characteristic cobblestone morphology. Of note, although hiPSC-RPE grown on COL1-BMSF and LAM-TCP membrane retained characteristic cobblestone morphology at D40, hiPSC-RPE monolayers on BMSF membrane began to selectively retract by D40. Scale bar: 250 μm. (B) hiPSC-RPE plated on both COL1-BMSF and LAM-TCP remained adherent and had a similar cobblestone morphological appearance in long-term cultures (\>D60). Scale bar: 50 μm.](i1552-5783-59-7-2792-f01){#i1552-5783-59-7-2792-f01}

Polarized Monolayers of hiPSC-RPE on COL1-BMSF Display Robust Expression of RPE Signature Genes and Proteins {#s3b}
------------------------------------------------------------------------------------------------------------

The selective stability of hiPSC-RPE plated on COL1-coated BMSF membrane established that the presence of COL1 was sufficient for long-term culture of hiPSC-RPE monolayers on BMSF. Therefore, we selected the COL1-BMSF configuration for further characterization of the hiPSC-RPE monolayer. Consistent with the formation of a polarized monolayer, hiPSC-RPE cultures on COL1-BMSF and LAM-TCP showed apical versus basolateral localization of EZR and BEST1, respectively ([Fig. 2](#i1552-5783-59-7-2792-f02){ref-type="fig"}A). In addition, tight junction marker ZO-1 and nuclear-localized RPE protein, MITF, displayed similar immunostaining pattern in COL1-BMSF versus LAM-TCP hiPSC-RPE cultures ([Figs. 2](#i1552-5783-59-7-2792-f02){ref-type="fig"}B, [2](#i1552-5783-59-7-2792-f02){ref-type="fig"}C). Furthermore, in agreement with an RPE-characteristic gene and protein expression profile, hiPSC-RPE culture on COL1-BMSF and LAM-TCP displayed similar and robust expression of RPE signature genes (*BEST1*, *CRALBP*, *MERTK*, *OCLN*, *PEDF*, *MITF*, *RPE65*) and proteins (EZR, BEST1, RPE65, OCLN, CRALBP) ([Figs. 2](#i1552-5783-59-7-2792-f02){ref-type="fig"}D--F).

![Expression and localization of RPE signature genes and proteins in hiPSC-RPE cultures on COL1-BMSF versus LAM-TCP. (A--C) Confocal microscopy revealed the expected (A) apical versus basolateral localization of EZR and BEST1, respectively, (B) staining of the tight junction marker ZO-1, and (C) nuclear presence of MITF in COL1-BMSF and LAM-TCP plated hiPSC-RPE. Scale bar: 10 μm. (D) qPCR and (E) gel electrophoresis analyses showed similar expression of gene-specific PCR product of several RPE-characteristic genes in hiPSC-RPE cultures grown on COL1-BMSF and LAM-TCP. Data are represented as the mean ± SEM. (F) Western blot analyses demonstrated similar expression of multiple RPE signature proteins in hiPSC-RPE grown on COL1-BMSF versus LAM-TCP. Note: GAPDH and ACTN served as loading controls in qPCR and Western blotting experiments, respectively.](i1552-5783-59-7-2792-f02){#i1552-5783-59-7-2792-f02}

hiPSC-RPE Cultured on COL1-BMSF and LAM-TCP Possess a Similar Efficacy in the Phagocytosis and Degradation of Photoreceptor Outer Segments (POS) {#s3c}
------------------------------------------------------------------------------------------------------------------------------------------------

The phagocytosis and degradation of POS is a critical function of the RPE cells. To test the competence of hiPSC-RPE cultured on COL1-BMSF versus LAM-TCP to phagocytose and degrade POS, mature monolayers of hiPSC-RPE on COL1-BMSF (Teflon support) or LAM-TCP (Transwells) were incubated apically with 20 POS/RPE cells with unlabeled or labeled POS (FITC-POS) (InVision Bioresources, Seattle, WA, USA). Following a 2-hour incubation, hiPSC-RPE cells were washed extensively to remove any uningested POS from the RPE cell surface. Subsequently, the uptake (0 hour) and degradation (24 hours) of POS by hiPSC-RPE were determined using FITC fluorescence and Western blotting as previously described^[@i1552-5783-59-7-2792-b20],[@i1552-5783-59-7-2792-b22]^ ([Fig. 3](#i1552-5783-59-7-2792-f03){ref-type="fig"}A). hiPSC-RPE cultured on both COL1-BMSF and LAM-TCP displayed the ability to phagocytose POS ([Figs. 3](#i1552-5783-59-7-2792-f03){ref-type="fig"}B, [3](#i1552-5783-59-7-2792-f03){ref-type="fig"}C). In fact, detecting FITC fluorescence using confocal microscopy analyses of RPE following FITC-POS incubation, clearly demonstrated the internalization of FITC-POS by hiPSC-RPE cells cultured on both COL1-BMSF and LAM-TCP ([Fig. 3](#i1552-5783-59-7-2792-f03){ref-type="fig"}B). Similarly, Western blot analyses for Rhodopsin (RHO), a POS-specific protein, at 0- and 24-hour time points demonstrated a robust uptake (0 hour) and subsequent substantial degradation (24 hours) of POS by hiPSC-RPE cultured on both COL1-BMSF and LAM-TCP ([Fig. 3](#i1552-5783-59-7-2792-f03){ref-type="fig"}C, [Supplementary Fig. S4](#iovs-59-06-31_s02){ref-type="supplementary-material"}). Overall, although hiPSC-RPE line--specific variability in POS uptake and degradation was seen ([Supplementary Fig. S4](#iovs-59-06-31_s02){ref-type="supplementary-material"}), the ability of hiPSC-RPE cultures on COL1-BMSF to ingest and digest POS was on par with hiPSC-RPE cultures on LAM-TCP.

![Phagocytosis and degradation of POS by hiPSC-RPE grown on COL1-BMSF versus LAM-TCP. (A) A schematic representation of the experimental strategy to assess POS phagocytosis (2 hours post incubation with POS), and degradation (24 hours following incubation with POS). (B) Qualitative analyses of POS uptake using magnitude and localization of FITC fluorescence with confocal microscopy demonstrated similar uptake of FITC-labeled POS by hiPSC-RPE cultures on both COL1-BMSF and LAM-TCP. Note: Autofluorescence of the respective membrane (indicated by an arrow), COL1-BMSF or LAM-TCP, is beneath the hiPSC-RPE monolayers. Scale bar: 20 μm. (C) Representative images of a specific Western blot measuring the amount of RHO (a POS-specific protein), in hiPSC-RPE monolayer cell lysate after POS feeding showing similar or better efficiency in POS uptake at the 0-hour time point and POS degradation at the 24-hour time point (relative to the 0-hour uptake) by hiPSC-RPE cultures grown on COL1-BMSF compared with hiPSC-RPE cultures on LAM-TCP. Note: ACTN served as loading control for these experiments, and the quantification of RHO protein levels at the 0 hour and 24 hours is shown in [Supplementary Figure S4](#iovs-59-06-31_s02){ref-type="supplementary-material"}.](i1552-5783-59-7-2792-f03){#i1552-5783-59-7-2792-f03}

hiPSC-RPE Cultured on COL1-BMSF and LAM-TCP Form a Basement Membrane Overlying Their Plating Substrate {#s3d}
------------------------------------------------------------------------------------------------------

In vivo, the BrM is a multilayered physical support for the RPE, composed of basement membranes of the RPE and choroid enveloping the elastin and collagen layers.^[@i1552-5783-59-7-2792-b01]^ Although a prosthetic membrane would provide an integral physical support for transplanted RPE, hiPSC-RPE grown on the biomaterial membrane should ideally possess the ability to generate basement membrane endogenously. A recent article has shown that hiPSC-RPEs in culture are capable of forming a defined basement membrane with proper localization of several RPE-secreted basement membrane proteins.^[@i1552-5783-59-7-2792-b17]^ Consistent with these findings, gene expression analyses of hiPSC-RPE grown on COL1-BMSF and LAM-TCP revealed the expression of genes encoding several basement membrane components, including *COL1A1*, *FN1*, *LAMB1*, *LAMB2*, and *LAMC1* ([Fig. 4](#i1552-5783-59-7-2792-f04){ref-type="fig"}A). Importantly, Western blot and immunocytochemical analyses demonstrated the proper secretion and expected localization of several RPE basement membrane proteins, COL4, EFEMP1, LAM, and TIMP3, in hiPSC-RPE cultures maintained on both COL1-BMSF and LAM-TCP ([Figs. 4](#i1552-5783-59-7-2792-f04){ref-type="fig"}B--F).

![Expression and localization of basement membrane proteins in hiPSC-RPE cultures on COL1-BMSF versus LAM-TCP. (A) qPCR analyses revealed similar expression of genes encoding specific basement membrane proteins in hiPSC-RPE monolayers grown on COL1-BMSF and LAM-TCP. GAPDH served as loading control for the qPCR analysis. (B) Quantitative Western blot analyses of ECM extracts underlying hiPSC-RPE cultures demonstrated equivalent or higher levels of specific basement membrane proteins; COL4, LAM, and TIMP3 in hiPSC-RPE cultures grown on COL1-BMSF. (C--F) Confocal microscopy of hiPSC-RPE monolayers after immunostaining revealed similar localization of several basement membrane proteins, (C) COL4, (D) EFEMP1, (E) LAM, and (F) TIMP3 in hiPSC-RPE cultures grown on both COL1-BMSF and LAM-TCP. Scale bar: 10 μm. Data are represented as the mean ± SEM.](i1552-5783-59-7-2792-f04){#i1552-5783-59-7-2792-f04}

Discussion {#s4}
==========

In this study, using hiPSC-RPE from five distinct human subjects, we demonstrate the utility of a BMSF membrane to serve as an RPE scaffold in long-term cultures. Specifically, we show that COL1-coated BMSF membrane is sufficient to support a physiologic hiPSC-RPE monolayer with cellular characteristics similar to hiPSC-RPE grown on LAM-TCP with respect to the morphological appearance and pigmentation, the expression and localization of RPE signature genes/proteins, the secretion and localization of basement membrane proteins, and the ability to phagocytose and degrade POS.

Currently, there is no corrective treatment available for a large proportion of patients with AMD, and with an aging population, it is predicted that 288 million people will be afflicted worldwide by 2040.^[@i1552-5783-59-7-2792-b26]^ Cell replacement therapies have been explored as a treatment option to repair the damaged subretinal architecture preceding late-stage disease complications, but there are multiple technical challenges to overcome before this therapeutic option becomes viable. The overarching goal of such an intervention is to implant healthy RPE tissue in the retina, thereby preserving the patient\'s remaining sight by supporting the function of the existing photoreceptor cells. It is reasonable to anticipate that a surgical insertion of a healthy RPE monolayer will require the removal of the host tissue before implantation occurs. Furthermore, it is highly likely that the implanted RPE and its supporting scaffold will need to be semipermanent structures in the patient\'s subretinal space. A "semipermanent implant strategy" that incorporates both cells and a support scaffold, that is, a patient\'s own RPE cells (hiPSC-RPE) on a BrM-like scaffold, represents a targeted alternative strategy for RPE-specific cell replacement in AMD.

The BrM in vivo is a multilayered physical support for the RPE, composed of basement membranes of the RPE and choroid sandwiching the elastin and collagen layers.^[@i1552-5783-59-7-2792-b01]^ Importantly, a synergistic effort between RPE and the choriocapillaris (CC) in vivo is responsible for BrM development^[@i1552-5783-59-7-2792-b27]^ and the ECM protein constituents of BrM are synthesized partially by both RPE cells and CC.^[@i1552-5783-59-7-2792-b27]^ Thus, one approach to making a physiological BrM-like ECM would be to co-culture RPE cells and choroidal endothelial cells, both of which have previously been generated from hiPSCs.^[@i1552-5783-59-7-2792-b20],[@i1552-5783-59-7-2792-b28],[@i1552-5783-59-7-2792-b29]^ However, it is plausible that to generate the BrM, the temporal execution of in vivo development, in which the RPE monolayer development and maturation precedes that of CC development,^[@i1552-5783-59-7-2792-b30]^ will need to be mimicked to engineer such a model. Furthermore, it is also likely that apart from choroidal endothelial cells, other cell types present in the choroid (e.g., pericytes) would need to be incorporated into such a cellular model for the development of a biological BrM.^[@i1552-5783-59-7-2792-b31]^ Given that much of the comprehensive choroid physiology is unknown, this may be a daunting task. An alternative approach to autonomous generation of a BrM-like support for RPE is the development of synthetic material (e.g., BMSF, as used in this study) with physical characteristics similar to the human BrM in vivo. Importantly, a bioengineered scaffold like BMSF membrane, as demonstrated in this study, will need to be optimized (e.g., via COL1 coating) to support long-term culture of RPE cells. Furthermore, aside from supporting long-term RPE cultures, a critical quality of a bioscaffold, like BMSF, for disease modeling and implantation studies would be its ability to support key RPE cell functions. For instance, the inability to efficiently process POS has been implicated in multiple maculopathies, including AMD^[@i1552-5783-59-7-2792-b21],[@i1552-5783-59-7-2792-b32],[@i1552-5783-59-7-2792-b33]^; therefore, any viable RPE scaffold option for disease modeling or cellular replacement with respect to AMD must not interfere with the ability of RPE cells to phagocytose and degrade POS. It is noteworthy that the ability for hiPSC-RPE grown on COL1-coated BMSF to ingest and degrade POS was similar to hiPSC-RPE on well-characterized ECM substrates.^[@i1552-5783-59-7-2792-b20][@i1552-5783-59-7-2792-b21]--[@i1552-5783-59-7-2792-b22]^ Of note, although promising, our current studies do not evaluate the biocompatibility of BMSF in supporting hiPSC-RPE implant in vivo. Therefore, future animal model studies determining the safety and impact of hiPSC-RPE-BMSF implant on retinal function and integrity in the long-term, including in vivo assessment of RPE cell function, will be important to ultimately validate BMSF scaffold for cell-based therapy.

With regard to the usage of BMSF implant in vivo and in particular with reference to the eye, it is noteworthy that (1) corneal epithelial cell grafts on silk fibroin are stable for up to 6 months in a rabbit model,^[@i1552-5783-59-7-2792-b13],[@i1552-5783-59-7-2792-b14],[@i1552-5783-59-7-2792-b34]^ and (2) a photovoltaic implant supported by BMSF in the subretinal space of the RCS rat model had no adverse immune reactivity for up to 10 months.^[@i1552-5783-59-7-2792-b15]^ Although supportive of the biocompatibility and utility of the BMSF scaffold in the subretinal space, the RCS rat of retinitis pigmentosa is not an appropriate model for AMD. Furthermore, and relevant to the eye, silk fibroin has previously been shown to promote angiogenesis.^[@i1552-5783-59-7-2792-b35]^ There are also studies in which BMSF has been implanted into naturally vascularized tissues, such as the dermis, and has then been followed for evidence of vascular in-growth.^[@i1552-5783-59-7-2792-b36]^ However, there are distinct differences in the nature of these studies, primarily involving the silk fibroin preparation. For instance, although we have cast fibroin membranes to the thickness of the BrM 3 μm ± 1 μm, the angiogenesis study^[@i1552-5783-59-7-2792-b35]^ sonicated the fibroin preparations to create a three-dimensional soft tissue for integration of cells into in the matrix. Given the nature of the experimental set-up, it is not clear whether in vivo cells would integrate in these scaffolds, as the premixed cells do in vitro. Importantly and highlighting a nonvascular response of BMSF implant in the eye, a recent study using a silk fibroin scaffold in the subretinal space of the RCS rat model did not report choroidal neovascularization promotion.^[@i1552-5783-59-7-2792-b15]^ However, as mentioned previously, given the difference in the RCS rat model disease pathology and AMD, the next logical step would be the utilization of BMSF scaffold in an appropriate animal model. To evaluate the grafting of an hiPSC-RPE-BMSF complex as a possible approach for disease modeling or cell replacement therapy for AMD, an animal model should present with RPE dystrophy, ideally with minimal impact to the photoreceptor cells, as these would be characteristics of the AMD retina before the irreversible loss of photoreceptors. Few murine models for geographic atrophy AMD exist, but they include an RPE DICER knockout model^[@i1552-5783-59-7-2792-b37]^ and a chemically induced RPE ablation model.^[@i1552-5783-59-7-2792-b38]^ Although the former has a total loss of RPE and photoreceptors at all time points reported, the latter demonstrated RPE ablation within 7 days of intraocular sodium iodate injection, which was recovered using hiPSC-RPE transplantation.^[@i1552-5783-59-7-2792-b38]^ Although RPE cell death after sodium iodate injection was complete within 3 days, it preceded photoreceptor death, which was not complete, allowing a window of grafting. Larger-eyed animals, such as rabbits, also have been used successfully for similar implantation studies with parylene scaffolds,^[@i1552-5783-59-7-2792-b39]^ and may alleviate technical challenges of the implantation surgery. Ultimately, more advanced models, such as nonhuman primates, which have now been reported to be amendable to hiPSC-RPE transplantation in major histocompatibility complex--matched RPE allografts,^[@i1552-5783-59-7-2792-b40]^ will reveal the true compatibility of such RPE replacement therapies.

Altogether, our data show that long-term maintenance of a functional hiPSC-RPE monolayer is possible on a synthetic biocompatible scaffold, BMSF, which has previously been shown to be biocompatible in vivo and to also possess numerous physical characteristics akin to BrM.^[@i1552-5783-59-7-2792-b06][@i1552-5783-59-7-2792-b07][@i1552-5783-59-7-2792-b08][@i1552-5783-59-7-2792-b09]--[@i1552-5783-59-7-2792-b10]^ This has significant implications for both in vitro (e.g., disease modeling, drug screening) as well as in vivo (cell replacement) applications using hiPSC-RPE cells.
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